In this work, ionic liquid functionalized carbon nanotube was simply prepared via covalent bond between aldehyde-terminated ionic liquid and amino-terminated carbon nanotube. The combination overcame the shortages and shared the advantages of both ionic liquids and carbon nanotube. On the one hand, ionic liquid was prevented to leach out from electrode surface to electrolyte solution, which resulting a stable sensing interface. In the meantime, the degree of curling of CNT was decreased. On the other hand, this novel hybrid nanomaterial can further improve the conductivity of film modified on the electrode surface. The prepared immunosensor was used to detect human IgG in a linear range of 0.1-15 ng mL -1 . The detection limit was 0.02 ng mL -1 (S/N=3). The electrochemical immunosensor with film fabricated with the hybrid nanomaterial had satisfactory reproducibility, high sensitivity, acceptable specificity and good stability.
INTRODUCTION
Ionic liquids (IL) possess several useful features such as biocompatibility, high ionic conductivity, electrochemical stability and biocompatibility. They have been widely applied in the fabrication of electrochemical immunosensors by being mixed with conventional matrixes such as biopolymers, cellulose, nanoparticles, and graphene to form composite materials [1] [2] [3] [4] . Due to the introduction of IL, the composite materials not only provided a good microenvironment for immobilizing proteins, but also improved the conductivity of the modifying films [5, 6] .
Carbon nanotubes (CNT) as molecular wires have attracted considerable interests due to their good electrical conductivity, high chemical stability and modifiable sidewalls. For example, CNT have been used as additive to improve direct electron transport of sensing interface [7] [8] [9] [10] . However, due to the vander Waals interaction and π-π stacking, CNT were easy to entangle with each other and formed agglomerates [11, 12] , which hindered the dispersing of CNT in substrate. It was reported that IL were mixed with CNT to forming a thermally stable gel, in which CNT exist as untangled three dimensional network bundles due to cation-π interactions of the IL and CNT surfaces [13, 14] . However, IL can leach out from the electrode surface to electrolyte solution due to the weak electrostatic interaction, resulting in the instability of electrochemical signals.
To date, researches of how to attach ionic liquid to the surface of CNT through covalent bond have not been reported. A covalent binging between the amine groups and the aldehyde groups should easily occur. In this work, amine-containing CNT was functionalized with aldehyde-terminated ionic liquid, leading to the formation of a novel hybrid nanomaterial (CNT-IL). Chitosan (Chit) has many useful features including biocompatibility, film forming ability, nontoxicity, and high mechanical strength. It has been widely applied in the fabrication of biosensor [15.16] . In the present study, the mixture of CNT-IL and Chit was modified on the Au electrode surface to fabricate a biosensing platform. The immunosensor based on CNT-IL/Chit was advantageous because of the following: (1) keeping inherent properties of CNT and IL; (2) better conductivity property; (3) avoiding the tangle of CNT and the leach out of the IL from electrode surface to electrolyte solution; (4) the sensitivity and stability can be improved. Using the novel hybrid nanomaterial, we fabricated an immunosensor for the determination of human immunoglobulin G.
EXPERIMENTAL

Reagents and apparatus
We obtained bovine serum albumin (BSA), rabbit anti-human IgG antibody (Ab), and human immunoglobulin G (IgG) from Beijing Dingguo Biotechnology Company (Beijing, China). Other reagents were come from Sigma-Aldrich (St. Louis, MO). Aldehyde-terminated ionic liquid (IL-CHO) was synthesized by our group. Amine-terminated CNT (CNT-NH2) was purchased from Nanjing Xianfeng nanomaterial Technology Ltd. We prepared 0.1 M phosphate buffer solution (PBS, pH 7.0) using Na2HPO4 and KH2PO4, which was used for the supporting electrolyte and preparing the antibody, antigen, and BSA solution. By dissolving 10 mg chitosan (Chit) in 2.0 mL of 0.1 mol/L acetic acid, A 5 mg/mL Chit solution was prepared. The film-forming solution was prepared by dissolving 1 mg ionic liquid-functionalized CNT (CNT-IL) in 1 mL 0.1 mol/L Chit solution.
Preparation ionic liquid-functionalized CNT (CNT-IL)
IL-CHO was synthesized as reported work by our group [17] . CNT-IL composite was synthesized by a covalent binging between the amine groups of CNT-NH2 and the aldehyde groups of IL-CHO (Fig. 1) . Typically, 2.0 mg of CNT-NH2, 20.0 mg of IL-CHO were mixed with 10.0 ml of ultrapure water. After the mixture was ultrasonicated for 30 min followed by strongly stirring for 2 h, the resulting homogeneous mixture was subsequently centrifuged at 12000 rpm for 10 min and washed three times with ultrapure water. The CNT-IL hybrid nanomaterial was obtained. Then the CNT-IL product was redispersed into Chit solution (Chit/CNT-IL). The concentration of CNT-IL was 1.0 mg mL −1 .
Fabrication of immunosensor
Prior to modifying the gold electrode (Au, 3 mm in diameter), it was polished repeatedly with 0.3 and 0.05 μm alumina slurries. Then the electrode was cleaned with hot piranha solution (a 3:1 mixture of H2SO4 and H2O2, v/v) several times followed by washing with water. Chit/CNT-IL-modified electrode (Chit/CNT-IL/Au ) was obtained by dropping 10 μL of Chit/CNT-IL solution on the surface of cleaned Au electrode, followed by drying in the air. Then, 10 μL of 5% glutaraldehyde (GA) aqueous solution was added on Chit/CNT-IL film-modified electrode (GA/Chit/CNT-IL/Au). After 60 min, the electrode was thoroughly washed with water, followed by drop-casting 10 µL of 75 µg mL 
Electrochemical Measurements
RESULTS AND DISCUSSION
Characterization of IL-functionalized CNT (CNT-IL)
The CNT-IL was characterized by UV-vis spectroscopy. The results were showed in Fig. 2A . The UV-vis spectrogram of IL-CHO has two absorption peaks at 259 and 306 nm. No absorption peaks of UV-vis spectrogram of CNT-NH2 was observed ( Fig. 2A, b) . The absorption peaks of UV-vis spectrogram of CNT-IL nanocomposite at 265 and 310 nm ( Fig. 2A, c) , resulting in a red shift, which demonstrated IL-CHO was successfully bound to CNT-NH2. The surface structure and shape of the CNT-NH2 (Fig. 2B ) and CNT-IL nanocomposite (Fig. 2C ) was examined with scanning electron microscopy. As can be seen from Fig. 2B , CNT-NH2 looked like noodles and heavily entangled with each other. After CNT-NH2 was functionalized with IL-CHO, the degree of curling was greatly reduced (Fig. 2C ). It could be ascribed to cation-π interactions of the IL-CHO and CNT-NH2 surfaces. IR-spectra of CNT-IL was also measured. 
Cyclic voltammetric characterization of the electrode modified
When the electrode is modified step by step, the changes of the electrochemical properties of the electrode surface will take place [18] . As can be seen from Fig. 3 , the CV spectrum of bare electrode was a well-defined redox wave (a). After the Chit/CNT-NH2 film was modified on the bare electrode, the peak current of CV spectrum corresponding to Chit/CNT-NH2/Au electrode increased (b). More importantly, when the electrode was modified with Chit/CNT-IL composite film, the peak current of CV spectrum was further increased (c). It is because CNT-IL hybrids were effectively improved electrical properties of the electrode surface [19] . When GA aqueous solution was added on Chit/CNT-IL filmmodified electrode, the peak current of CV spectrum was decreased (d). After the electrode modified was incubated with antibody solution, the peak current of CV spectrum continued to decline (e), indicating that antibodies were successfully immobilized on the electrode. In the following step, BSA solution was added onto antibody-modified electrode for reducing the nonspecific binding, the peak current of CV spectrum decreased (f). Finally, the electrode modified with BSA was incubated with antigen, the peak current of CV spectrum further decreased (g) due to the antibody-antigen immunocomplex blocked the tunnel for mass and electron transfer [20] . 
Stability of different films
It is reported that the sensing interface based on IL-functionalized graphene sheets possessed good stability [21] . Here, we compared the stability of three different film made of Chit/CNT-NH2, Chit/IL-CHO and Chit/CNT-IL, respectively. When those film was modified on the electrode surface, CV signals were measured continuously 4 times. Fig. 4A showed that the CV profiles of the electrode modified with Chit/CNT-NH2 film overlapped and therefore no significant change of peak current was observed. Thus, the Chit/CNT-NH2 film was stable. However, the peak current of the electrode modified with Chit/IL-CHO film decreased from 145 to 120 μA after scan the same cycles (n=4) (Fig. 4B) , indicating the Chit/IL-CHO film was unstable probably due to the leach out of the IL-CHO from electrode surface to electrolyte solution. Fortunately, when IL-CHO was bound to CNT-NH2 via covalent interaction, the peak current of the electrode modified with Chit/CNT-IL film was increased and no obvious changes after 4 times scan (Fig. 4C) , demonstrating that the combine of CNT-NH2 with IL-CHO not only prevented the leach of IL-CHO, but also improved the conductivity of film. 
Investigation of experimental conditions
Here, GA was used as a "bridge" reagent, which linked Chit and antibody. The interaction time of Chit with GA was studied by DPV in the time region from 20 to 80 min at room temperature. Fig.  5A displayed short reaction time gave higher response because lesser antigen was captured by antibody. 60 min later, a platform appeared. Thus, we adopted 60 min for further experiments.
The concentration of antibody was investigated in the range of 25 to 100 μg mL -1 at room temperature. Antibody solution with different concentration was incubated with the same IgG target with concentration of 10 ng mL -1 . Fig. 5B showed that the antibody concentration of 75 μg mL -1 was an optimal selection. 
The determination of IgG
When the antibody-antigen immunocomplex formed on the electrode, it would hinder electron transfer, and thus the peak current of DPV increased as decreasing concentration of IgG (Fig. 6A) . We compared the analytical characteristics including the detection limit and linear range of this IgG immunosensor with that of other IgG immunosensors. As shown in Table 1 , although the fabricated immunosensor had a narrower linear range, it exhibited a lower detection limit. The high sensitivity can be attributed to several factors. Firstly, the hybrid nanomaterial of CNT-NH2 and IL-CHO can improve the conductivity of sensing interface. Secondly, due to covalent bond between aldehyde-terminated ionic liquid and amino-terminated carbon nanotube, the ionic liquid was prevented to leach out from electrode surface to electrolyte solution, which helped to capture the IgG onto the electrode surface through immune reaction and resulted in strong electrochemical signal. 
Reproducibility, specificity and stability of the immunosensor
We investigated the reproducibility of proposed immunosensor by inter-and intra-assay at 5 ng mL -1 IgG. The coefficients of variation were 8.5% for inter-assay and 5.3% for intra-assay, suggesting that the developed immunosensor possessed a satisfactory reproducibility. Using some interfering species including carcinoembryonic antigen (CEA), BSA and α-fetoprotein (AFP), we investigated the specificity of the proposed immunosensor. The DPV signals were measured and those results were showed in Fig. 7 . As can be seen from Fig. 7 , the peak current of DPV toward higher concentration (100 ng mL -1 ) of interfering substances were close to the response toward blank solution. However, the peak current of DPV toward of IgG (5 ng mL -1 ) was much lower than that of interfering substances, indicating the specificity of the prepared immunosensor had a good specificity. In order to estimate the stability of immunosensor, the initial DPV was measured. After one week, the DPV current response decreased 4.1%. After four weeks, the DPV current response decreased 7.7%. The results demonstrated the designed immunosensor has satisfied stability. 
Detect IgG in real samples
For investigating the practical application in clinical detection, three real human serum samples supplied by local hospital were analyzed using the developed immunosensor. The analytical results were compared with those resulted from ELISA method. By comparing experimental results (Table 2) , there were no significant differences between two methods, indicating a good correlation between ELISA and this proposed method. The proposed immunosensor was reliable for IgG detection. 
CONCLUSIONS
Here, CNT-NH2 was functionalized with ionic liquid via covalent bond. The results from UVvis spectrogram and IR-spectra of CNT-IL clearly indicate that the IL-CHO was coupled to the surface of the CNT-NH2 successfully. Additionally, the combine of CNT-NH2 with IL-CHO not only prevented the leach of IL-CHO, but also improved the conductivity of sensing film. The immunosensor for human IgG exhibited some good analytical performance such as satisfactory reproducibility, good specificity and acceptable stability. Furthermore, CNT-IL nanocomposite was an attractive modifying material in the fabrication of other electrochemical biosensors.
